OBJECTIVE: To assess the relationship between adiposity and cardiovascular stress reactivity and recovery in middle-aged men and women, and investigate the influence of impaired poststress cardiovascular recovery on changes in body mass index (BMI) and waist-hip ratio over 3 y. PARTICIPANTS: In total, 225 healthy men and women aged 47-59 y were recruited from the British civil service. METHODS: Laboratory mental stress testing was carried out, with blood pressure (BP), cardiac output and total peripheral resistance being measured at baseline, during moderately challenging tasks, and during recovery 40-45 min poststress. Weight, height, waist and hip circumference were assessed at the time of mental stress testing and 3 y later. RESULTS: Behavioural tasks elicited increases in BP sustained by a combination of cardiac activation and raised peripheral resistance. BMI and waist/hip ratio were associated cross-sectionally with impaired poststress recovery of systolic pressure, diastolic pressure and cardiac index independently of age, gender, socioeconomic status, smoking, alcohol consumption and baseline cardiovascular activity. Increases in waist-hip ratio over 3 y were predicted both by impaired poststress recovery of systolic pressure and cardiac index in men, independently of baseline adiposity and other covariates. No associations between subjective stress and BMI or waist-hip ratio were observed. CONCLUSIONS: Disturbances of cardiovascular responsivity to psychological stress, manifest through impaired poststress recovery, were associated cross-sectionally with BMI, and longitudinally with central adiposity in men. Stress-related cardiovascular dysregulation may contribute to obesity risk.
Introduction
Psychological stress has been hypothesized to contribute to increases in adiposity and more specifically to the development of abdominal obesity. 1, 2 There is some evidence that chronic stress exposure is increased in people at risk of obesity, 3, 4 but findings have been inconsistent. 5, 6 However, individuals may differ in the magnitude and duration of stress responses at the biological level. Disturbances in the pattern of stress-related neuroendocrine and autonomic responsivity may be involved in obesity, even if exposure to stress is not heightened. The primary focus of research on disturbances of biological stress responses has been on the hypothalamic-pituitaryadrenocortical (HPA) axis, and cortisol responses to acute stress have been positively correlated with waist-hip ratio in women and men. [7] [8] [9] Heightened morning cortisol responses have also been positively associated with waist-hip ratio in men. 10, 11 A complementary factor may be cardiovascular stress responsivity, driven by sympathoadrenal activation. Findings relating plasma catecholamines with obesity have been inconsistent, 12 but techniques such as microneurographic assessment of muscle sympathetic nerve activity and measurement of radiotracer labelled norepinephrine spillover have demonstrated heightened sympathetic activity in obesity. 13, 14 Increased sympathetic nerve activation may be particularly characteristic of abdominal obesity, 15 and elevated catecholamine metabolite excretion has been positively associated with waist-hip ratio. 16 A widely used method of assessing cardiovascular stress responsivity in humans is acute mental stress testing, involving the administration of behavioural challenges under standardised conditions. Since the stimulus is uniform, individual differences in cardiovascular responses related to adiposity may become apparent. Unfortunately, studies relating blood pressure (BP), heart rate, cardiac output and total peripheral resistance responses with body mass index (BMI) and waist-hip ratio have shown variable results. [17] [18] [19] [20] One reason for this may be the focus on stress reactivity (the magnitude of responses during stressors) rather than recovery (the duration of sustained activation poststress and the rate of restitution of normal function). Recent research has demonstrated that impaired poststress recovery is associated with cardiovascular disease risk independently of reactivity. [21] [22] [23] The present study involved measurement of stress reactivity and recovery in middle-aged men and women. We hypothesised that cardiovascular activity (BP, heart rate, and the hemodynamic components cardiac output and total peripheral resistance) would be greater during stress in people with higher BMI or waist-hip ratios independently of factors such as age, socioeconomic position, smoking and alcohol consumption. We specifically predicted that impairments in poststress recovery would be associated with adiposity. Cross-sectional comparisons may demonstrate associations but cannot establish temporal relationships. Disturbances in cardiovascular responsivity could be secondary to autonomic dysfunctions present in overweight people. We therefore carried out a longitudinal analysis of changes in BMI and waist-hip ratio over 3 y, to test the hypothesis that impaired poststress recovery predicts increases in BMI or waist-hip ratio, independently of baseline measures.
Methods

Participants
These data were collected as part of the Whitehall II psychobiology study. The Whitehall II cohort is a sample of 10 308 London-based civil servants recruited in 1985-1988 when aged 35-55 y to investigate demographic, psychosocial and biological risk factors for coronary heart disease. 24 The psychobiology study involved 228 volunteers (123 men, 105 women), who underwent detailed laboratory investigation. 22 Participants were of white European origin, aged 45-59 y, living in the London area, not planning to retire for at least 3 y, and with no history or objective signs of coronary heart disease and no previous diagnosis or treatment for hypertension. A major focus of the psychobiology study was on potential biological mediators of socioeconomic differences in cardiovascular disease risk. 25 Grade of employment was used as the marker of socioeconomic status, and participants were systematically recruited from higher, intermediate, and lower grades. Data were available from 225 individuals (123 men, 102 women) for these analyses.
Laboratory mental stress session Cardiovascular data were collected using a Portapres-2, a portable version of the Finapres continuous BP monitoring device. 26 Cardiac output and stroke volume were determined from the Portapres using the aortic flow waveform method described by Wesseling et al. 27 Stroke volume was calculated from the systolic area (the area under the arterial pressure wave between the onset of the BP rise and the dichrotic notch) on a beat by beat basis corrected by a calibration factor related to aortic compliance. Total peripheral resistance was computed from mean pressure and aortic flow. Good agreement has been obtained between computations using this method of stroke volume and cardiac output from intra-arterial and finger BP measures, and between fingerbased measures and thermodilution. 28, 29 Mental stress was stimulated by two behavioural tasks that have been extensively used in cardiovascular stress research:
30-32 a computerised colour-word interference task and mirror tracing. The colour-word task involved the presentation of a succession of target colour words in incongruous colours (eg red written in green). At the bottom of the computer screen were four names of colours displayed in incorrect colours, and the task was to press a computer key that corresponded to the position at the bottom of the screen of the name of the colour in which the target word was printed. Mirror tracing involved the tracing of a star with a metal stylus, which could only be seen in mirror image. Participants were told that the average person correctly completed five circuits of the star in the time available, and were asked to give accuracy priority over speed on both tasks. Participants were tested individually in either the morning or afternoon in a light and temperature controlled laboratory. They were instructed not to have drunk tea, coffee, or caffeinated beverages or to have smoked for at least 2 h prior to the study, not to have eaten for at least 1 h, and not to have consumed alcohol or exercised on the evening before or the day of testing. Body weight was measured to the nearest 0.1 kg, and BMI was calculated from body weight divided by height in meters squared. Waist circumference was measured by a research nurse midway between the lowest rib and iliac crest, hip circumference at the level of the great trochanters, and waist-hip ratio was computed.
Following instrumentation, the participant rested for 30 min. BP and heart rate were recorded for the final 5 min (baseline trial), and participants were asked to rate their level of current stress on a 7-point scale ranging from 1 ¼ very low to 7 ¼ very high. The two tasks were then administered in random order. Each lasted for 5 min, during which BP and heart rate were recorded continuously. Immediately after the tasks, further subjective stress ratings were obtained, together with measures of task difficulty, involvement and controllability, again on 7-point scales. Poststress recovery was assessed with a 5-min recording of BP and heart rate made 40-45 min after the end of the task period. Participants rested quietly during the recovery period, and subjective stress ratings were obtained after the recovery trial. The study was approved by the UCL/UCLH Committee on the Ethics of Human Research.
Three-year follow-up The 3-y follow-up took place as part of a screening session for the full Whitehall II cohort. Body weight, height, waist and Stress responsivity and obesity A Steptoe and J Wardle hip circumference were measured as before, and BMI and waist-hip ratio calculated. The interval between the stress session and follow-up averaged 2 y, 362 days. Smoking and alcohol consumption were assessed at both time points by questionnaire. Participants were classified as smokers or nonsmokers, and according to whether they consumed alcohol at least on a daily basis, or less than this. Information about hormone replacement therapy was collected by questionnaire.
Statistical analysis
Systolic BP, diastolic BP, heart rate, cardiac output and total peripheral resistance were averaged into three trials: baseline, the average of the two tasks, and the recovery trial. As cardiac output depends on body size, data were transformed into cardiac index by correcting for body surface area; however, the pattern of results was very similar to that for cardiac output. Cardiovascular responses during the stress session were analysed using repeated measures analysis of variance with gender as the between-subject factor, and trial (baseline, tasks, recovery) as the within-subject factor. The Greenhouse-Geisser correction was applied where appropriate. Stress reactivity was defined as the task level controlling for baseline (equivalent statistically to a change score), and stress recovery as the recovery level controlling for baseline. High values during the recovery trial imply ineffective or impaired recovery. Cross-sectional associations between cardiovascular activity during the stress session and BMI and waist-hip ratio were analysed using partial correlations and multiple linear regression. Partial correlations between levels of activity in the five cardiovascular measures (systolic and diastolic BP, heart rate, cardiac index and total peripheral resistance), and BMI and waist-hip ratio were computed for each trial, controlling for age, gender, socioeconomic status (grade of employment), smoking and alcohol consumption. Associations of stress reactivity and recovery with BMI and waisthip ratio were analysed after controlling for baseline cardiovascular activity. Additionally, the independence of associations between stress reactivity or recovery and adiposity were analysed using multiple regression on BMI and waist-hip ratio. We assessed whether stress reactivity or stress recovery in each cardiovascular measure was associated with BMI or waist-hip ratio independently of baseline levels of the cardiovascular measure, age, gender, socioeconomic status, smoking and alcohol consumption. Significant effects were illustrated by dividing the sample into tertiles on the cardiovascular measure in question (eg systolic BP during the recovery trial), and comparing the BMI or waist-hip ratio in the three tertiles by analysis of covariance. Gender by predictor interactions were also tested.
It is possible that cardiovascular stress reactivity and recovery effects are dependent on baseline levels, resulting in spurious associations with BMI or waist-hip ratio despite controlling for baselines. When significant reactivity or recovery effects were observed, we therefore repeated analyses using proportional change scores instead of absolute values in the statistical models. The intercorrelations of recovery effects in the different cardiovascular variables were also investigated.
The extent to which cardiovascular stress reactivity predicted longitudinal changes in BMI or waist-hip ratio over 3 y was also assessed using multiple regression. We determined whether cardiovascular reactivity and recovery predicted changes in BMI or waist-hip ratio independently of baseline anthropometry, baseline cardiovascular activity, age, socioeconomic status, smoking and alcohol consumption at follow-up. Use of hormone replacement did not relate either to baseline or follow-up BMI and waist-hip ratio, so was not included in the models. Data are presented as means7standard deviation.
Results
The characteristics of the sample are summarized in Table 1 . Men were slightly older than women on average (Po0.01), but there were no differences in socioeconomic status, smoking, or alcohol consumption. Body weight was greater in men (Po0.001), but men and women had comparable BMI. There were marked gender differences in waist circumference and waist-hip ratio (Po0.001).
Cardiovascular responses during the stress session are shown in Table 2 . Participants were normotensive, with resting BP averaging 115.3/72.4 mmHg. Tasks induced significant increases in systolic and diastolic BP and in heart rate, accompanied by increases both in myocardial function (cardiac index) and in total peripheral resistance. BP decreased following stressful tasks, but remained above baseline levels even 40-45 min poststress. Heart rate and cardiac index fell below baseline during the recovery phase, while the elevated peripheral resistance was maintained. Thus, during the recovery phase, the elevation in BP above baseline levels was sustained primarily by increases in total peripheral resistance rather than by cardiac activation. 
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Systolic BP changes between baseline and recovery trials were moderately correlated with diastolic BP changes (r ¼ 0.33, Po0.001) but not with heart rate, cardiac index or total peripheral resistance changes. Diastolic BP recovery effects were not associated with heart rate, but were positively related to cardiac index and negatively to peripheral resistance changes (r ¼ 0.25 and À0.48 respectively, Po0.001). Heart rate recovery changes were not associated either with cardiac index or total peripheral resistance.
Cross-sectional results
Associations between cardiovascular activity during the stress session and BMI and waist-hip ratio are summarized in Table 3 . Systolic and diastolic BP were positively associated both with BMI and waist-hip ratio in all phases of the stress session, independently of age, gender, socioeconomic status, smoking and alcohol consumption. Associations of BMI and waist-hip ratio with heart rate and cardiac index were also positive. Total peripheral resistance was inversely correlated with BMI, but was not associated with waist-hip ratio. These effects indicate that overweight individuals and those with greater abdominal obesity had higher BP sustained by raised cardiac output not only under resting conditions but also during behavioural tasks and posttask recovery.
When stress reactivity was analysed (task levels controlling for baseline), there were no independent associations with BMI or waist-hip ratio for any measure of cardiovascular activity, except for diastolic BP reactivity being positively correlated with waist-hip ratio. By contrast, significant associations were observed between BMI, waist-hip ratio, and impaired poststress recovery (recovery trial controlling for baseline) in systolic BP, diastolic BP and cardiac index. These findings were corroborated by analysis of proportional recovery effects. The significant positive associations between BMI and recovery systolic BP, diastolic BP and cardiac index were all replicated (partial r ¼ 0.16, 0.22 and 0.22 respectively, Po0.02), while the negative association with peripheral resistance was not (r ¼ À0.14). Likewise, the relationships between waist/hip ratio and impaired recovery of systolic and diastolic BP and cardiac index remained significant (partial r ¼ 0.17-0.23, all Po0.01).
These effects were analysed further using multiple regression. We found that systolic BP during recovery was positively associated with BMI (P ¼ 0.012) and waist-hip ratio (P ¼ 0.011) independently of age, gender, socioeconomic status, smoking, alcohol consumption and baseline systolic BP. Similarly, diastolic BP during recovery was associated with BMI and waist-hip ratio (both Po0.001) independently of baseline diastolic BP and other covariates. There were no significant correlations with heart rate, but cardiac index during recovery was associated with BMI (Po0.006) and waist-hip ratio (P ¼ 0.007) independently of baseline cardiac index. Total peripheral resistance during recovery was negatively related to BMI (P ¼ 0.032), but was not significantly associated with waist-hip ratio.
These effects are illustrated in Figures 1 and 2 , which show mean levels of BMI and waist-hip ratio in relation to tertiles of cardiovascular activity during recovery. All values are Stress responsivity and obesity A Steptoe and J Wardle adjusted for covariates including baseline level of the appropriate cardiovascular measure. The highest tertiles represent those individuals with the greatest BP or cardiac index during the recovery period, and thus the least effective posttask recovery back to baseline levels. It is evident that both BMI and waist-hip ratio were greater among individuals with more impaired poststress recovery of BP and cardiac index. For example, BMI was 8% greater among individuals in the highest vs lowest tertile of systolic BP during recovery, and was 11% greater for the highest vs lowest tertile of recovery diastolic BP, after adjustment for other factors. These associations remained significant following further adjustment for levels of cardiovascular function during stressful tasks themselves. Thus, it is not the case that associations between BMI or waist-hip ratio and recovery were secondary to differences in stress reactivity.
Longitudinal changes
Measurements of BMI and waist-hip ratio were obtained from 110 men and 96 women 3 y after mental stress testing (92% response rate). BMI did not increase on average between the two assessments (means 25.673.8 vs 25.774.2), but there was a marked increase in waist-hip ratio, from an average of 0.85070.09 to 0.88170.08 (Po0.001). This corresponds to an average increase of 3.5 cm in waist circumference. Similar increases were observed in men and women. As BMI did not change significantly, it was not surprising that no significant associations were observed between cardiovascular stress reactivity or recovery and changes in Stress responsivity and obesity A Steptoe and J Wardle BMI over the 3-y period. However, two recovery effects predicted increases in waist-hip ratio. In the analysis involving systolic BP, an interaction between gender and recovery BP was present (P ¼ 0.003). Subsequent analysis revealed that in men, systolic BP during recovery was positively associated with increased waist-hip ratio (B ¼ 0.001, 95% CI 0.0001-0.002, P ¼ 0.033) after controlling for age, socioeconomic status, smoking, alcohol consumption, baseline systolic BP and waist-hip ratio at the time of mental stress testing. No such association was observed in women (P ¼ 0.33). This effect is illustrated in Figure 3 , showing men divided into tertiles of systolic BP during recovery. The gain in waist-hip ratio over the 3-y period was more than three times greater in men with impaired systolic BP recovery compared with those with the most effective recovery after controlling for covariates. This corresponds to a difference in the increase in waist circumference of 1.94 vs 4.38 cm in the lowest and highest recovery tertiles.
The change in waist/hip ratio over the 3-y period was inversely associated with baseline waist/hip ratio in both men and women (r ¼ À0.55 and À0.34, respectively, Po0.001). It is conceivable therefore that the relationship with impaired systolic BP recovery might have been confounded by baseline dependency. We therefore repeated the regression analysis with proportional change in waist/ hip ratio as the dependent variable. The association with impaired systolic BP remained significant (B ¼ 0.11, 95% CI 0.004-0.22, P ¼ 0.043) after controlling for all the covariates.
A similar pattern was observed for cardiac index. The gender by recovery interaction was significant (P ¼ 0.007), and associations were present in men but not women (P ¼ 0.82). In men, cardiac index during recovery predicted increases in waist-hip ratio independently of baseline waisthip ratio, cardiac index and other covariates (B ¼ 0.04, 95% CI 0.007-0.075, P ¼ 0.020). The analysis was repeated with proportional change in waist/hip ratio as the dependent variable. The relationship with recovery cardiac index remained independently significant (B ¼ 5.50, 95% CI 1.61-9.38, P ¼ 0.006). This effect is illustrated in Figure 3 . The difference in waist-hip ratio corresponded to a mean increase in waist circumference of 0.75 cm in the lowest cardiac index recovery tertile, and 6.22 cm in the highest tertile, after adjustment for covariates.
We also assessed whether the associations between 3 y gain in waist/hip ratio and systolic BP and cardiac index recovery were independent of one another by combining these variables in a single regression. Both systolic BP recovery (B ¼ 0.001, 95% CI 0.0001-0.002, P ¼ 0.046) and cardiac index recovery (B ¼ 0.039, 95% CI 0.005-0.074, P ¼ 0.024) were associated with the 3 y increase in men after taking account of age, socioeconomic status, smoking, alcohol consumption, baseline waist/hip ratio, baseline systolic BP and baseline cardiac index. The model accounted for 56% of the variance in waist/hip ratio at 3 y follow-up.
Subjective stress responses, BMI and waist-hip ratio
It is possible that the more overweight individuals, or those with greater abdominal obesity, found the behavioural tasks more stressful, and that differences in subjectively experienced stress led to variation in cardiovascular reactions. We therefore correlated subjective ratings with anthropometric measures (Table 4) . Stress ratings increased between baseline and task trials, and participants generally rated the tasks as difficult, involving, and relatively uncontrollable. However, there were no significant associations between these ratings and either BMI or waist-hip ratio. There was no evidence that differences in cardiovascular responsivity were due to differences in subjective experiences during the study. Stress responsivity and obesity A Steptoe and J Wardle
Discussion
The main findings of this study are that impaired poststress BP and cardiac output recovery are positively associated with BMI and waist-hip ratio in middle-aged men and women. Impaired recovery in systolic BP and cardiac index also predicted 3 y gain in waist-hip ratio, but only in men. These associations were independent of possible confounders and also of subjective stress experience. The tasks in this study elicited substantial increases in BP, averaging 22.3 mmHg systolic and 12.7 mmHg diastolic BP. BP reactions were sustained by a combination of increased cardiac output and total peripheral resistance. However, during the recovery period, increased peripheral resistance was mainly responsible for the persistent elevation in BP, since heart rate and cardiac output fell below baseline levels ( Table 2 ). It is interesting that notwithstanding this general trend, it was impaired cardiac output rather than total peripheral resistance recovery that was positively related to adiposity.
Body mass index and waist-hip ratio were positively related with systolic and diastolic BP at all time points. Population studies of adults and children have demonstrated positive correlations between BP and both BMI and waisthip ratio. [33] [34] [35] The pattern of correlations in Table 3 indicates that the associations of BP with adiposity were underpinned by increased cardiac output, since correlations with total peripheral resistance were low or negative. A similar pattern has previously been described in comparisons of overweight and healthy weight adolescents. 20 However, since individuals with higher BP at baseline also had higher BP during stress and recovery periods, the correlations of absolute values in Table 3 do not indicate either that stress reactivity or impaired recovery is associated with BMI and waist-hip ratio.
The independent impact of stress cardiovascular reactivity and recovery was identified by assessing whether task or recovery trial values were associated with BMI and waist-hip ratio after baseline levels had been taken into account. We found no relationship between cardiovascular reactivity and BMI or waist-hip ratio, except for an association between diastolic pressure reactivity and BMI. Previous results have been inconsistent. Pflieger et al 20 observed no association with stress reactivity in the adolescent offspring of hypertensive parents. In a Swedish study of young men, larger cardiac output reactions to stress were negatively correlated with waist-hip ratio but positively associated with BMI, 18 while Rockstroh et al 36 observed smaller cardiac output and heart rate reactions to mental stress in obese than lean hypertensives. Three studies have documented positive associations between waist-hip ratio and BP stress reactions, in adolescents, 37 young overweight women 17 and older black men and women. 38 The present results were obtained from healthy middle-aged white men and women, and this may account for some of the discrepancies from previous research. In addition, most previous studies have involved samples of fewer than 25 participants, 17, 18, 20, 38 so the present study of more than 200 participants is substantially larger.
In contrast with the lack of effects of cardiovascular stress reactivity, robust associations between poststress recovery and adiposity were observed. Individuals with more adipose tissue were more likely to have BP and cardiac output remaining elevated 45 min following termination of stress than were leaner participants. It is conceivable that such effects might have been due to greater stress reactivity in people displaying impaired recovery, since if higher BP or cardiac output was attained during tasks, it might take longer to return to baseline levels. However, effects remained significant after adjusting not only for baseline cardiovascular activity but also for levels recorded during tasks. These results therefore provide strong evidence that stress-induced cardiovascular responses are disturbed in more overweight individuals, and in those who have greater abdominal obesity.
We carried out separate analyses of the cardiovascular correlates of BMI and waist-hip ratio. Some other research in this field has assessed specific associations with general adiposity or abdominal obesity by controlling for the other variable. 17, 37 In the present sample, BMI and waist-hip ratio were correlated 0.68 in men and 0.59 in women (both Po0.01). After controlling for waist-hip ratio, none of the associations between BMI and cardiovascular recovery remained significant. Similarly, only the association between waist-hip ratio and diastolic BP recovery remained significant after controlling for BMI. Thus, the two measures were strongly linked in this sample, and distinctive associations with cardiovascular recovery could not be identified in crosssectional analyses. There may be reciprocal associations between sympathoadrenal activity, obesity, and BP levels, so causal priority cannot be teased out within cross-sectional studies. We therefore carried out longitudinal analyses to discover whether disturbed stress responsivity predicts increases in BMI and waist-hip ratio over 3 y. No relationship with changes in BMI was observed. Since BMI was unchanged on average between the two time points, this lack of effect may be due to limited power to detect associations. For waist-hip ratio, effects were observed in men but not in women. Importantly, impaired poststress recovery in systolic BP and cardiac output predicted increased waist-hip ratio over the follow-up period independently of covariates. Both effects were also significant in cross-sectional analyses, lending support to the hypotheses that individual differences in cardiovascular responsivity to stressors contribute to the development of abdominal obesity. The explanation for the lack of effects in women is unclear. However, we have previously found more consistent associations between psychosocial factors and biological responses in men than women in this cohort. 11, 22 The hormonal status of the women in this age range (47-59 y) may also be relevant. Although controlling for hormone replacement therapy did Stress responsivity and obesity A Steptoe and J Wardle not alter the pattern of results, some participants were perimenopausal while others were postmenopausal, and cardiovascular stress reactivity may change over this critical period. 31 Several statistical approaches were included in these analyses in order to rule out potential confounders. One possibility was that the law of initial values might have been operating, such that stress reactivity and recovery effects were dependent on initial levels. In fact, associations between baseline and reactivity or recovery were variable, ranging from no relationships for systolic BP, positive effects for diastolic BP, and negative relationships for cardiac index (data not shown). We therefore computed proportional reactivity and recovery change scores to see whether they revealed different associations with BMI or waist/hip ratio than did absolute levels. Virtually identical effects were observed in these alternative statistical models, suggesting that confounding by initial levels was not important. Similarly, the prediction of 3 y gains in waist/hip ratio by systolic BP and cardiac index recovery were maintained in analyses of proportional changes, and were not dependent on initial levels. The intercorrelations of recovery effects in different cardiovascular variables were modest, and the associations of 3 y increases in waist/hip ratio with systolic BP and cardiac index recovery were independent of one another.
The mechanisms underlying these associations remain to be identified. We controlled for insulin in these analyses, as has been done by some other investigators. 38 One possibility is that effects are related to insulin metabolism. Landsberg 39 has argued that hypertension is in part a consequence of hyperinsulinaemia and sympathetic nervous system activation stimulated by obesity, and insulin resistance has been associated with heightened systolic and diastolic pressure reactivity to mental stress. 40 In analyses that are not described in detail here, we found that nonfasting insulin concentration recorded prior to mental stress testing was positively correlated with BMI, waist-hip ratio, and with systolic BP, heart rate and cardiac output during the stress session. The associations between poststress cardiovascular recovery and adiposity were slightly attenuated but remained significant after controlling for insulin along with other covariates, indicating that other factors may also be involved. Another possibility is that heightened cardiovascular stress responsivity stimulates greater release of inflammatory cytokines. We have previously observed that acute increases in plasma interleukin 6 (IL-6) and tumour necrosis factor (TNF) a are stimulated by psychological stress. 41, 42 Heightened IL-6 levels may contribute to the development of abdominal adiposity. Much of the IL-6 produced through sympathetic activation originates from adipose tissue, 43 and in turn stimulate HPA pathways contributing to abdominal adiposity. 44 Other inflammation-sensitive proteins may also be stimulated by sympathetic activation, and contribute to the development of future adiposity. 45 These analyses focused on cardiovascular stress responsivity, and not on HPA function. Salivary cortisol was collected in this experiment, but the tasks were only moderately stressful and did not elicit increases in cortisol. 46 The studies that have shown associations between cortisol responses to stress and abdominal obesity have involved more intense challenges such as public speaking that stimulate substantial cortisol increases. 7, 9 The limitations of this study should be recognised. Data were collected from a cohort of healthy middle-aged white men and women, so results may not generalise to other populations. As noted above, the challenges were not sufficiently intense to provoke marked cortisol increases. No direct measures of sympathetic nervous system activity were obtained, so inferences concerning underlying mechanisms can only be based on the patterning of hemodynamic responses. Nevertheless, the results suggest a potentially significant role of individual differences in cardiovascular stress recovery in the development and progression of adiposity in middle age. These processes may ultimately contribute to increased risk of metabolic dysfunction and coronary heart disease. The search for stressrelated processes in obesity needs to encompass both measurements of exposure to stress, and individual differences in cardiovascular and neuroendocrine stress responsivity.
